Intestinally derived glucagon-like peptide-1 (GLP-1), encoded by the preproglucagon (Gcg) gene, is believed to function as an incretin. However, our previous work questioned this dogma and demonstrated that pancreatic peptides rather than intestinal Gcg peptides, including GLP-1, are a primary regulator of glucose homeostasis in normal mice. The objective of these experiments was to determine whether changes in nutrition or alteration of gut hormone secretion by bariatric surgery would result in a larger role for intestinal GLP-1 in the regulation of insulin secretion and glucose homeostasis. Multiple transgenic models, including mouse models with intestine-or pancreas tissue-specific Gcg expression and a whole-body Gcg-null mouse model, were generated to study the role of organ-specific GLP-1 production on glucose homeostasis under dietary-induced obesity and after weight loss from bariatric surgery (vertical sleeve gastrectomy; VSG). Our findings indicated that the intestine is a major source of circulating GLP-1 after various nutrient and surgical stimuli. However, even with the 4-fold increase in intestinally derived GLP-1 with VSG, it is pancreatic peptides, not intestinal Gcg peptides, that are necessary for surgery-induced improvements in glucose homeostasis.
Introduction
Insulin responses to the same dose of glucose are greater during oral delivery compared with i.v. delivery (1) . The dominant explanation for this "incretin effect" involves the postprandial secretion of peptide hormones from the gut that act on pancreatic β cells to stimulate insulin secretion. Much of the subsequent literature has sought to identify the role of specific peptide hormones and their relative contribution to the incretin effect (2, 3) . A time span of 2 decades went by before 2 particular gut peptides were identified that fit the definition of an incretin hormone: gastric inhibitory polypeptide (GIP) (4) and glucagon-like peptide-1 (GLP-1) (5) . Studies demonstrating that i.v. administered GLP-1 stimulated insulin secretion in a glucose-dependent manner in humans (6) and pigs (7) supported an important role for this gut hormone as an incretin. Although GIP was found to be less effective in lowering glucose levels in patients with type 2 diabetes mellitus (T2DM) (8) , GLP-1 receptor (GLP-1R) agonists and drugs that increase the half-life of endogenous GLP-1 have been successfully developed for the treatment of T2DM.
Whereas drugs that stimulate endogenous intestinal GLP-1 secretion are also in the pipeline for the treatment of T2DM (9, 10) , physically manipulating the gastrointestinal (GI) tract with bariatric surgery clearly increases endogenous circulating GLP-1. Vertical sleeve gastrectomy (VSG), which is now the most commonly performed bariatric surgery worldwide (11, 12) , increases postprandial GLP-1 levels several-fold in humans and rodents (13) . Because GLP-1 possesses both incretin and anorectic effects (14) , the postsurgical elevation has been implicated as a mechanism underpinning VSG-induced weight loss and improvements in glucose tolerance (reviewed in ref. 15 ).
The effort to understand the role of GLP-1 on VSG outcomes has solely focused on intestinal production. However, GLP-1 is not expressed only in the intestine and a discrete region of the hindbrain (nucleus of the solitary tract) (16) ; it is also expressed in pancreatic α cells (17) . Recently, we demonstrated that preproglucagon products from the pancreas, but not from the intestine, are important in the regulation of normal glucose homeostasis (18) . These findings challenge the prevailing hypothesis that GLP-1 from the enteroendocrine L cells is the key source of GLP-1 necessary for regulation of glucose homeostasis. Here, Intestinally derived glucagon-like peptide-1 (GLP-1), encoded by the preproglucagon (Gcg) gene, is believed to function as an incretin. However, our previous work questioned this dogma and demonstrated that pancreatic peptides rather than intestinal Gcg peptides, including GLP-1, are a primary regulator of glucose homeostasis in normal mice. The objective of these experiments was to determine whether changes in nutrition or alteration of gut hormone secretion by bariatric surgery would result in a larger role for intestinal GLP-1 in the regulation of insulin secretion and glucose homeostasis. Multiple transgenic models, including mouse models with intestine-or pancreas tissue-specific Gcg expression and a whole-body Gcg-null mouse model, were generated to study the role of organ-specific GLP-1 production on glucose homeostasis under dietary-induced obesity and after weight loss from bariatric surgery (vertical sleeve gastrectomy; VSG). Our findings indicated that the intestine is a major source of circulating GLP-1 after various nutrient and surgical stimuli. However, even with the 4-fold increase in intestinally derived GLP-1 with VSG, it is pancreatic peptides, not intestinal Gcg peptides, that are necessary for surgery-induced improvements in glucose homeostasis.
we used a variety of novel mouse models to investigate 2 key questions: (a) what is the source, intestinal versus pancreatic, of circulating GLP-1 after various acute nutrient stimuli, chronic high-fat diet (HFD), and VSG? And (b) does increasing the secretion of gut-derived GLP-1 to supraphysiological levels reveal a larger role for this source of GLP-1 in regulation of glucose homeostasis?
Results
Intestinal GLP-1 is not insulinotropic. Plasma GLP-1 increases in response to consumption of fats, carbohydrates, and protein (19) and this effect is thought to be through multiple nutrient-sensing mechanisms within the intestine (20) . To study the impact of equicaloric doses of macronutrients on intestinal GLP-1 and insulin levels, we crossed a previously validated mouse model (GcgRA ΔNull ) that has a loxP-flanked transcriptional blocking cassette inserted into the Gcg gene (18) with a tamoxifen-inducible Villin-CreERT2 promoter mouse (VilCreERT2 mouse; ref. 21). This procedure allowed us to reactivate the normal intestinal expression of Gcg in adulthood (GcgRA ΔVilCreERT2 ) ( Figure 1A ). We found that Gcg expression was specifically restored in the intestine but not in the hindbrain or pancreas in these mice ( Figure 1B ). Our previous work found that a developmental reactivation of intestinal Gcg did not restore the ability of exendin 9-39 (Ex9), a potent GLP-1R antagonist, to impair glucose tolerance (18) . To validate these findings in the inducible model, Ex9, or saline (Sal) was injected 15 minutes before a glucose gavage ( Figure 1 , C and D). Similar to our previous finding (18) , glucose levels were significantly higher after Ex9 in control VilCreERT2 mice but had no effect on glucose levels in the GcgRA ΔVilCreERT2 mice. These data indicate intestinally secreted GLP-1 does not regulate glucose tolerance in mice under these conditions and replicates our previous data. We then measured GLP-1 and insulin responses to various macronutrients in the VilCreERT2 versus GcgRA ΔVilCreERT2 mouse models. Oral administration of glucose, peptone, and intralipid at equicaloric doses all significantly increased intestinal GLP-1 levels to approximately 40 pg/mL in both VilCreERT2 and GcgRA ΔVilCreERT2 mouse models ( Figure 2 , A-D). However, only glucose and peptone administration significantly increased insulin levels over baseline ( Figure 2 , E and F) and this increase was much greater with glucose than peptone. Although 2 different caloric loads of lipid (olive oil vs. intralipid) also mark- generates GcgRA ΔVilCreERT2 offspring with intestinal Gcg reactivation. (B) Gcg gene expression from the hindbrain, pancreas, duodenum, jejunum, and ileum of GcgRA ΔVilCreERT2 mice was not detectable in the hindbrain and pancreas but was at similar levels in all 3 sections of the small intestine compared with VilCreERT2 littermate controls. (C) Glucose response to an oral glucose load and an i.p. injection of saline (Sal) or exendin 9-39 (Ex9); 3-way ANOVA with Tukey post hoc; P < 0.001 for Cre-Sal versus Cre-Ex9, but not significant for RA-Sal versus RA-Ex9 (genotype × drug); ***P < 0.001 for Cre versus RA in both drug-treated groups (time × genotype). (D) Glucose incremental area under the curve (iAUC) during the oral glucose tolerance test (OGTT); 2-way ANOVA with Tukey post hoc; ***P < 0.001 (genotype × drug). All data were obtained from cohort 1, each animal was only studied once per condition, and data are represented as Mean ± SEM. VilCreERT2 (n = 17); GcgRA ΔVilCreERT2 (n = 10). The key point here is that the reactivation of Gcg in the intestine was sufficient to restore the circulating levels of total GLP-1 in response to a variety of nutrients, but it was only glucose that increases insulin.
GLP-1 secretion and GLP-1R signaling are conserved during ingestion of an HFD. Both obesity and T2DM have been reported to alter plasma GLP-1 levels, albeit with conflicting reports (22) (23) (24) (25) . To determine whether dietary-induced obesity altered the source of GLP-1 (pancreas vs. intestine) in our mouse model, we fed a 60% HFD or a chow diet to mice with developmental Gcg reactivation within the intestine (GcgRA ΔVilCre ) versus the pancreas/duodenum (GcgRA ΔPdx1Cre ), to their corresponding Cre controls and to GcgRA ΔNull mice (see ref. 18 for the phenotype of these mice). The experimental timeline for this experiment is provided in Figure 3A. As expected, the pancreatic/duodenal contribution to circulating GLP-1 was lower compared with intestinally secreted GLP-1, but the GLP-1 response to nutrients was similar in chow versus HFD-fed mice ( Figure 3 , B and C). We then performed an oral glucose tolerance test (OGTT) after Ex9 or Sal administration to chow versus HFD-fed animals. We observed that the HFD substantially increased 5-hour fasting blood glucose levels ( Figure 3D ) and impaired glucose tolerance in all mice regardless of genotype ( Figure 3 , E-H). In addition, Ex9 significantly impaired glucose regulation in both chow ( Figure 3I ) and HFD-fed ( Figure 3J ) Cre control and GcgRA ΔPdx1Cre mice, but not in GcgRA ΔNull or GcgRA ΔVilCre mice.
Intestinal GLP-1 is not necessary for the glycemic improvements after VSG. VSG produces reliable 3-to 4-fold increases in postprandial plasma GLP-1 levels in mice (26, 27) . We hypothesized that this large increase in postprandial GLP-1 comes from the intestine and that the degree of the increase would lead to a more prominent role for this source of GLP-1 in regulating glucose tolerance. To test this hypothesis, we performed VSG in our developmental Gcg reactivation transgenic mouse models as described previously. GcgRA ΔPdx1Cre , GcgRA ΔVilCre , GcgRA ΔNull , and the corresponding Cre control mice received sham or VSG surgery after 6 weeks on an HFD. The experimental timeline for the sham and VSG mouse cohorts is provided in Figure 4A . Gcg gene expression and pancreatic glucagon staining of the sham and VSG mouse cohorts are provided in Supplemental Figure 1 (supplemental material available online with this article; https://doi.org/10.1172/jci.insight.129452DS1) and show that Gcg expression was successfully restored in the GcgRA ΔVilCre mouse intestine and the GcgRA ΔPDX-1Cre mouse pancreas, respectively, whereas there was no detectable Gcg expression found in either organ in the GcgRA ΔNull mice. VSG prominently reduced body weight (BW) ( Figure 4 VSG significantly increased postprandial secretion of total GLP-1 levels by approximately 4-fold compared with the sham surgery group in both the Cre control and GcgRA ΔVilCre mice ( Figure 5 , A and B). The sham surgery GcgRA ΔPdx1Cre mice had half the levels of postprandial circulating GLP-1 compared with the sham surgery Cre control mice. After VSG, the GcgRA ΔPdx1Cre mice had a 2.7-fold increase in GLP-1 compared with their sham counterparts ( Figure 5A ). As expected, plasma GLP-1 was not detectable in the GcgRA ΔNull sham or VSG mice ( Figure 5B ). Postprandial plasma GIP levels were markedly increased (~2-fold) after VSG versus sham surgery (main effect of surgery; Figure 5 , C and D). When analyzed independently of surgery, HFD-fed sham GcgRA ΔNull mice showed relatively increased GIP levels compared to HFD-fed VilCre mice ( Figure 5D ).
We next asked whether the 4-fold increase in postprandially secreted intestinal GLP-1 after VSG contributed to the surgery-induced improvements in glucose tolerance. First, VSG markedly reduced the 5-hour fasting blood glucose levels in all mouse models, regardless of genotype ( Figure 5E ). Five to 6 weeks after surgery, we performed an OGTT after administration of Ex9 or Sal. Despite being maintained on an HFD after surgery, the VSG-Cre mice showed a rapid return toward baseline glucose levels from 15 to 30 minutes after the glucose load ( Figure 5F ). Administration of Ex9 prevented this rapid drop in glucose ( Figure 5F ), indicating GLP-1R signaling mediates postprandial glycemic patterns after VSG. Similar to Cre control mice, VSG improved glycemia in GcgRA ΔPdx1Cre mice and this improvement was blocked with Ex9 pretreatment ( Figure 5G ). As noted previously (18) , both the sham surgery GcgRA ΔNull and GcgRA ΔVilCre mice had improved glucose tolerance that was likely the result of the deficiency in glucagon compared with the Cre control mice. Nonetheless, we observed significant glycemic improvements after VSG in both the GcgRA ΔNull and GcgRA ΔVilCre mice ( Figure 5 , H and I). However, glucose tolerance was not impaired with Ex9 treatment in either GcgRA ΔNull and GcgRA ΔVilCre mice ( Figure 5 , J and K), indicating that intestinal Gcg is dispensable in the VSG-induced improvements in glucose tolerance.
Discussion
The investigation of GLP-1 biology over the last 3 decades has mainly focused on the intestinal source. GLP-1, which was initially found in the gut, stimulates glucose-stimulated insulin secretion when administered exogenously, and this finding led to the development of long-acting GLP-1R agonists in the treatment of T2DM. This success potentiated the hypothesis that intestinal GLP-1 is an important regulator of glucose homeostasis. However, the physiological effect of endogenous GLP-1 must be considered separately from the impact of pharmacological agonists that do not recapitulate the circulating levels or dynamics of secretion that occur with endogenous secretion (28) .
Our GcgRA mouse models enabled the investigation of the role of endogenous preproglucagon products from different target organs (pancreas vs. intestine). A key finding of this work comports with the overarching model for GLP-1 as a gut hormone. In mice in which GLP-1 secretion is restored only in the intestine, various nutritional stimuli and bariatric surgery (i.e., VSG) resulted in increased levels of circulating GLP-1 that were comparable to control mice (see Figure 2 ). Consequently, under these conditions, the intestine is the primary source of circulating GLP-1. However, high levels of circulating GLP-1 did not necessarily result in increases in insulin levels or improved glucose homeostasis. It is important to note that GLP-1-induced regulation of insulin secretion requires normal glucose levels (6); GLP-1 does not stimulate insulin secretion under hypoglycemic conditions. In our investigation, animals were fasted for only 5 hours, providing sufficient glucose for the levels of plasma GLP-1 secreted by the intestine to induce insulin secretion if it were possible. In addition, nutrient-induced GLP-1 levels were not altered by a HFD, indicating that a HFD does not alter the relative contributions of gut versus pancreas/duodenum to circulating GLP-1 levels (see Figure 3 , B and C). Although the intestine is clearly the important source of circulating GLP-1 under various nutrient conditions, a key question is whether gut-derived GLP-1 is an important regulator of insulin secretion and postprandial glucose homeostasis. Our previous work called into question this hypothesis by treating these various mouse models with Ex9 to block GLP-1 receptor signaling. Ex9 was able to disrupt normal . All data were obtained from cohorts 4 and 5, all animals were tested once per condition, and data are represented as Mean ± SEM. OGTT data from Pdx1Cre and VilCre were combined as control (E, F, J, and K). Control: sham (n = 8 from Pdx1Cre, n = 7 from VilCre), VSG (n = 8 from Pdx1Cre, n = 9 from VilCre); GcgRA ΔPdx1Cre : sham (n = 8), VSG (n = 9); GcgRA ΔNull : sham (n = 7), VSG (n = 7); GcgRA ΔVilCre : sham (n = 6), VSG (n = 6).
glucose regulation but only in mice in which endogenous secretion had been restored in the pancreas (18) . Our current work directly replicated and extended those results. Once again, under normal chow-fed conditions, Ex9 had no impact in mice that do not make any preproglucagon products (including GLP-1); this finding indicated that Ex9 exerts its effects as a competitive antagonist to GLP-1 (see Figure 3G ). Ex9 was also ineffective in mice in which circulating GLP-1 levels were restored by reactivating endogenous intestinal Gcg expression. However, Ex9 was effective at impairing glucose homeostasis in mice when GLP-1 production was restored selectively in the pancreas. The exact same pattern of results occurred after these various mouse models were exposed to a HFD, indicating that greatly altering the diet does not alter the relative contributions of gut versus pancreas-derived GLP-1 to normal glucose regulation.
We believe GLP-1 secreted from the pancreas acts in a paracrine, rather than endocrine, manner to regulate insulin and consequently glucose homeostasis. This is supported by our data indicating that the primary source of circulating GLP-1 comes from the intestine, not the pancreas (see previous discussion). Although controversial, α cells have been found to express the prohormone convertase 1/3 (PC1/3) that is required for posttranslational processing of proglucagon to GLP-1 (and other peptides including GLP-2) (17, 29) , and pancreatic levels of active GLP-1 increase with nutrient stimulation (17, 30) . However, recent perifusion experiments found that glucagon also acts on β cell GLP-1R, and not glucagon receptors, to regulate insulin secretion in response to amino acids (31) (32) (33) . Together with our in vivo data, these data indicate that a major function of proglucagon peptides is to regulate insulin secretion in a paracrine fashion and this signaling is important in regulation of glucose tolerance.
Several bariatric surgeries, including VSG, result in pronounced increases in GLP-1 secretion in rodents and in humans (reviewed in ref. 34 ). Wide-ranging debate exists regarding the degree to which this increase contributes to the potent metabolic effects of these surgeries (35, 36) . It is reasonable to hypothesize that the dramatic increase in GLP-1 secretion could come from the intestine and that such large increases in circulating levels may make gut-derived GLP-1 a more important contributor to glucose homeostasis than under normal conditions. Indeed, it is the case that most of the increased circulating levels of GLP-1 after VSG are derived primarily from the intestine (see Figure 5, A and B) . However, we find that the potent effect of VSG to alter body fat and lower fasting glucose levels does not rely on GLP-1 or other Gcg products (see Figure 4 , B and C). Importantly, blocking endogenous GLP-1 signaling with Ex9 impairs glucose regulation similarly in sham versus VSG mice, an effect that is absent both in mice totally devoid of GLP-1 production and in those with restored circulating GLP-1 via reactivation in the gut. When GLP-1 production is restored to the pancreas in VSG-treated mice, once again Ex9 impairs postprandial glucose regulation. The important point here is that even after VSG, the critical source of the preproglucagon products that contribute to normal glucose regulation is the pancreas.
Previous data have suggested that whole-body GLP-1R signaling is not necessary for either VSG (26) or Roux-en-Y gastric bypass (RYGB) (37) to induce weight loss and improve glucose tolerance. However, 2 recent studies using 2 different models of inducible β cell-specific GLP-1R-KO mice demonstrated completely opposite effects; one model demonstrated that these receptors are necessary (30) , whereas the other model demonstrated that these receptors are not necessary (38) for the changes in glucose homeostasis after VSG. Whether the minor differences in HFD type and timing of exposure, the mouse models used, or some unknown factor may contribute either independently, or in combination, to the divergent results is unknown. It is also possible that a combination of factors is important in the metabolic success of VSG as has been demonstrated previously (39) . Therefore, we cautiously interpret our data to say that pancreatic GLP-1 is important for postprandial glycemic excursions with VSG, but whether this signal, in and of itself, is critical for the resolution of diabetes mellitus with VSG cannot be determined from these mouse models.
The lack of glucagon in the GcgRA Δnull and GcgRA ΔVilCre mice, independent of surgery, improved glucose tolerance (sham null and intestinally reactivated mice vs. sham controls). Despite this already improved glucose tolerance, these mice still had an additional improvement in glucose tolerance with VSG. These data highlight the Gcg-independent factors that may be regulating the improvements in glucose homeostasis after surgery, including potential compensatory increases in other gut peptides (i.e., GIP, PYY, etc.), reduced BW, and/or improved insulin-dependent or -independent glucose disposal. In terms of limitations of this study, we were unable to assess whether the insulin responses differed between the genetic models after VSG because of the limited blood volume in mice and the fact that we prioritized the assessment of gut peptides. Finally, we cannot exclude the possibility that the paracrine action of GLP-1 is more import-ant in mice than it is humans. GLP-1 and PC1/3 are found in the pancreas of humans, and the anatomy of the islet in humans (α cells are dispersed throughout rather than around the perimeter) may favor a paracrine role for GLP-1 in the islet (17, 29, 40) . Nevertheless, more research is needed to confirm the relative role of pancreatic versus intestinal GLP-1 in regulating glucose homeostasis in humans.
We realize that these data challenge the widely held hypotheses about the role of GLP-1 as a gut hormone that regulates insulin and glucose. If not regulation of glucose homeostasis, then what is the physiological role(s) on intestinally secreted GLP-1? GLP-1R expression is found in intestinal epithelial lymphocytes and has been found to regulate the enteric immune response (41) . Lipopolysaccharide, an endotoxin produced by gram-negative bacteria in the intestine, stimulates the secretion of GLP-1 (42) in an interleukin-6-dependent manner (43) , and patients with sepsis also have increased levels of plasma GLP-1 (42) . These data directly link plasma GLP-1 to immune responses to infection and to physiological stress. However, whether GLP-1, per se, mediates the immune response or whether the increase is simply a marker of intestinal stress remains unclear.
Here, we find that various nutrients stimulate intestinal GLP-1 secretion, but the function of this source of GLP-1 is likely not regulation of insulin secretion and consequently glucose homeostasis. In fact, even with the 4-fold increases in intestinal GLP-1 secretion after VSG, intestinal GLP-1 is still not an important regulator of postprandial glucose levels. Thus, our data indicate that, under various dietary conditions and after VSG, it is pancreatic, not intestinal GLP-1 that is the primary source of endogenous GLP-1 that regulates meal-induced glucose tolerance. These data further support a paracrine role for pancreatic preproglucagon products in insulin secretion.
Methods
Animals. Male mice were single-housed under a 12-hour light/dark cycle with ad libitum access to water and standard chow (Envigo Teklad; catalog 7012) or 60% HFD; Research Diet; catalog D12492). The animal room was maintained at 25°C with 50%-60% humidity. All studies were performed in animals 8-16 weeks of age with age-matched littermate Cre control mice and all mice were euthanized with a CO 2 inhalation. A total 5 cohorts of male transgenic mouse models with mixed backgrounds (i.e., no backcrosses were performed in these mice) are used in this study (Supplemental Table 1 ).
Our previous work determined that developmental reactivation of intestinally derived Gcg restored baseline and postprandial levels of GLP-1, but this source of GLP-1 was not necessary for glucose homeostasis (18) . To determine whether reactivation of intestinally derived Gcg in adulthood would reveal an important contribution of this source of GLP-1 to glucose homeostasis, a previously validated Gcg-null mouse model (GcgRA ΔNull ) that with a LoxP-flanked transcriptional blocking cassette inserted into the Gcg gene (18) was crossed with a tamoxifen-inducible VilCre (VilCre-ER T2 ) mouse (21). The resulting GcgRA ΔVilCreERT2 (n = 10) and littermate control (n = 17) mice were all administered tamoxifen (Sigma-Aldrich; catalog T5648) by i.p. injection every other day (120 mg/Kg/day × 3 administrations). After the last injection, the mice were acclimated for 7 days before any further studies.
In separate studies, we crossed the GcgRA ΔNull mice with the developmental VilCre (44) (stock no. 004586) or Pdx1Cre (45) (stock no. 014647; both Cre mouse lines purchased from the Jackson Laboratory) to reactivate endogenous Gcg expression within the intestine (GcgRA ΔVilCre ) or pancreas/duodenum (GcgRA ΔPdx1Cre ), respectively. These GcgRA ΔPdx1Cre and GcgRA ΔVilCre transgenic mouse models were validated previously (18) . These mice were metabolically phenotyped after 7 weeks on chow or HFD (Cohorts 2 and 3) or were placed on an HFD for 6 weeks and then had sham or VSG surgery (Cohorts 4 and 5). Supplemental Table 1 describes these cohorts in detail.
Nutrient stimulation. On separate occasions, each spaced by 10 days, mice were fasted for 5 hours and baseline blood was taken from the tail vein and collected in EDTA-coated microtubes containing a DPP4 inhibitor (MilliporeSigma). The mice were then gavaged with 50% dextrose solution (volume 200 L; Hospira Inc.), 20% intralipid (volume 170 μL; Fresenius Kabi), or peptone (40% (w/v) solution (volume 321 μL; Primatone RL, Sigma-Aldrich; catalog P4963); each nutrient equating to 0.34 Kcal. In another study, a higher caloric load of extra virgin olive oil (200 L; 1.62 Kcal) was orally administered. Fifteen minutes after the nutrient gavage, blood was taken from the tail vein (< 40 μL total blood), centrifuged, and subsequently analyzed for insulin and GLP-1 levels.
In all cohorts, we performed an OGTT following a 5-hour fast. A potent GLP-1R antagonist, Ex9 (Bachem), or saline was administered i.p. to each mouse 15 minutes before an oral glucose gavage (2 g/ Kg of 50% dextrose). Blood collected from the tail vein was assessed for glucose levels using a hand-held glucometer (Accu-check Aviva Plus; Roche Diagnostics) at 0, 15, 30, 45, 60, and 120 minutes after administration of glucose. All animals were studied in a cross-over design to determine the impact of saline versus Ex9 on glucose tolerance and experiments were spaced by at least 1 week.
Cohorts 3 and 4 were maintained on chow or 60% HFD for 7 weeks. The mice were fasted for 5 hours prior to an oral administration of liquid mixed-meal (volume 200 μL; Ensure plus spiked with a 30-mg dextrose). At 15 minutes after the oral meal ingestion, blood was taken from the tail vein and collected in EDTA-coated microtubes containing a DPP4 inhibitor.
Bariatric surgery. Cohorts 4 and 5 were maintained on 60% HFD for 6 weeks to induce obesity, were matched for body fat within a genotype, and then received sham or VSG surgery as described previously (46, 47) . Briefly, mice were anesthetized using isoflurane, and a small laparotomy incision was made in the abdominal wall. The VSG procedure involved the excision of the lateral 80% of the stomach along the greater curvature using an ETS 35-mm staple gun (Ethicon Endo-Surgery), leaving a vertical gastric sleeve that is continuous with the esophagus and pylorus. The sham surgery involved the application of gentle pressure on the stomach with blunt forceps. During the first 3 days of the postoperative period, the animals were fed Osmolite 1.0 Cal liquid diet (Abbott Nutrition) and then were returned to the 60% HFD. BW was monitored for 10 weeks after surgery. Body composition was measured using an EchoMRI (Echo Medical Systems) before and 10 weeks postoperatively. Five to 6 weeks after surgery, we performed an OGTT with an i.p. administration of saline or Ex9 as described previously. At 10 weeks after surgery, the mice were fasted for 5 hours prior to an oral administration of liquid mixed-meal (volume 200 μL; Ensure plus spiked with a 30-mg dextrose). At 15 minutes after the oral meal ingestion, the mice were euthanized with a CO 2 inhalation and blood was taken immediately through a cardiac puncture and collected in EDTA-coated microtubes containing a DPP4 inhibitor and an aprotinin. Cohort 4 consisted with Pdx1Cre: sham (n = 8), VSG (n = 8); GcgRA ΔPdx1Cre : sham (n = 8), VSG (n = 9). Cohort 5 consisted with VilCre: sham (n = 7), VSG (n = 9); GcgRA ΔNull : sham (n = 7), VSG (n = 7); GcgRA ΔVilCre : sham (n = 6), VSG (n = 6).
ELISA. Total GLP-1 (MesoScale Discovery; catalog K150JVC) was assayed using a sandwich ELISA assay kit, whereas total GIP (MilliporeSigma; catalog EZRMGIP-55K) and insulin (Crystal Chem; catalog 90080) were assayed using a standard ELISA assay kit. All assays were performed according to the manufacturer's instructions.
Gene expression analysis. Mouse hindbrain, whole pancreas, and epithelial scrapes from the duodenum, jejunum, and ileum were immediately homogenized into Trizol (Thermo Fisher Scientific) using a Tissuelyser II (Qiagen). Total RNA was extracted from the samples using Purelink RNA mini kit (Thermo Fisher Scientific). The quality and concentration of the isolated total RNA were determined using a Nanodrop spectrophotometer (Thermo Fisher Scientific). cDNA was hybridized from 1 μg of each total RNA sample using an iscript cDNA hybridization kit (Bio-Rad). Taqman gene expression assay was performed using StepOne Plus real-time qPCR system and the following Taqman gene probes were used: Mouse B2m (Mm00437762_m1) and mouse Gcg (Mm01269054_m1).
Pancreatic fluorescence immunostaining. Mouse pancreata from sham and VSG mice within the different genotypes (control, null, intestinal, and pancreatic reactivated mice; n = 4/group) were paraffin-embedded and sectioned onto slides by the University of Michigan In-Vivo Animal Core (IVAC). Paraffin was removed using Citrisolv (VWR). For double immunofluorescence staining, the slides were incubated overnight at 4°C with each primary antibody: rabbit anti-glucagon (Abcam, catalog ab92517) and chicken anti-GFP (Abcam, catalog ab13970). The corresponding secondary antibodies conjugated to Alexa Fluor dyes were as follows: donkey anti-chicken FITC (Thermo Fisher Scientific, catalog SA1-72000) and donkey anti-rabbit 594 (Thermo Fisher Scientific, catalog A21207). The slides were mounted in an anti-fade fluorescence mounting medium containing DAPI (Vectashield with DAPI, Vector Laboratories, catalog H-1200). Fluorescent images were obtained using an Olympus IX73 fluorescence microscopy system (Olympus) and were analyzed using Olympus cellSens imaging software (Olympus).
Statistics. All data were analyzed using Graphpad Prism 8 software or Statistica (TIBCO Software). Data were first analyzed to determine significant main effects and interactions between independent variables (genotype, surgery, diet, drug, and/or time). If there were no significant interactions with time but instead significant main effects, this was then indicated within a text box on the figure. Significant interactions were analyzed with a Tukey's post hoc to determine where significant differences lie. Statistical significance was set at P < 0.05 for all analyses. Data are presented as mean ± SEM.
Study approval. All animal experiments were performed according to an approved protocol by the Institutional Animal Care and Use Committee (IACUC) at the University of Michigan and we followed protocols outlined in the National Institutes of Health (NIH) guide for the care and use of laboratory animals (NIH Publications No. 8023, revised 1978).
